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Abstract
The Carmel River Lagoon (CRL), along the Central California coast, is thought to
provide a nursery ground for juvenile Steelhead trout (Oncorhynchus mykiss), a
federally listed species under the Endangered Species Act. Every year during the
summer months the Carmel River feeding this lagoon dries up due to the high
demand for water by local residents. It is thought that suitable steelhead nursery
grounds become limited in the absence of this fresh water inflow and by the
increased salinity from winter swells into the lagoon. The purpose of this report
was to monitor the water quality for suitable Steelhead trout habitat during the
time period of minimal fresh water inflow in the CRL. This monitoring consisted
of weekly data collection starting from July 9th 2005 and continuing to January 4th
2006. Throughout data collection salinity concentrations increased at the surface
ranging from 2.0 to 7.0 ppt with a strong gradient at depths of 1-1.5 meters, where
salinity rapidly increased with depth (3 to 4 meters) to levels up to 30 ppt. Data
also revealed that dissolved oxygen (DO) conditions were suitable in surface
waters throughout the entire time in which data was being collected (July 2005January 2006), with a decrease in DO consistent with the halocline in relation to
depth. The lower water columns (2.5-4.0m) consistently resulted in DO < 3
mg/L, suggesting that the dissolved oxygen concentrations are critical for juvenile
steelhead habitat, due to anoxic layering. During this study high surface
temperatures indicated stressful to steelhead, and were found in the early months
of data collection, ranging from 15-23 oC (July-October 2005). Winter surface
temperatures decreased to less than or equal to 16 oC (November 2005-January
2006) proved to be more suitable habitat for steelhead. At sites deeper than 2m,
summer morning temperatures were greatest (up to 24 oC) at about 2m in depth,
where as winter temperatures in deep water were less than 17.5 oC. Temperature
increased with depths consistent to the halocline, with bottom temperatures >17.5
o

C in the early months and < 17.5 oC in the later months of data collection.
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Introduction
Lagoon estuaries consist of bodies of water that have mouths closed by sand bars
most of the year, often having salinities that can approach those of fresh water systems,
and support brackish to fresh water conditions. These systems are highly dependent on
fresh and saltwater inputs, which affect the physical and chemical structure of the lagoon.
These coastal wetlands provide habitat for numerous species, including federally listed
species such as Steelhead trout (Oncorhynchus mykiss).
Steelhead trout rely heavily on the water quality and physical structure of coastal
lagoons for suitable habitat. The recent decline in Steelhead trout populations is attributed
to many human factors. These factors consist of agriculture, urbanization, water
management, invasive predation, and alterations or loss of habitat (Beacham et al, 2001).
The Endangered Species Act of 1973 introduced the Steelhead trout as a federally
threatened species on June 17, 1998 (Beacham et al, 2001).

Steelhead Lifecycle
Steelhead trout is an anadromous species that spends its life both in the ocean and
in fresh water streams and lagoons. Adult Steelhead that return from the ocean, where
most growth and sexual maturity takes place, enter freshwater to spawn. Spawning
generally occurs during February through late June. The adult females dig out pits in the
gravel bed called “redds” where they lay their eggs. Once fertilized by a male the eggs
are then covered by gravel. The duration time for the eggs to stay in the gravel beds
depends on water temperature ranging from 19 days at an average of 15 oC to about 80
days at and average of 5 oC (Barnhart 1986).
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Juvenile steelhead diet consists of a variety of aquatic and terrestrial insects, and
bigger juvenile steelheads are known to prey on smaller juvenile steelhead. Young
steelheads that are looking for territory are also subjected to high predation (Shapovalov
and Taft 1954; Barnhart 1986).
Once the larvae hatch from gravel beds, the young generally remain in fresh water
for a period of 2-3 years, and then will start migrating to the ocean. During this time the
young Steelhead trout undergoes a transformation called smoltifycation. Smolting is a
physiological change that enables them to enter in salt water (Williams 1999). Their body
starts to get a little more streamlined and color patterns alter from having distinguished
spots on their sides to a more silvery color (Figure 1). As stated in Barnhart’s report, in
the Klamath River most of the steelhead are approximately 2 years old and 18.6 to 21 cm
long (Kensner and Barnhart 1972), similar to lengths of 14 to 21 cm long reported in
Waddell Creek (Shapovalov and Taft 1954; Barnhart 1986). Most steelhead smolts enter
the sea in March and April (Barnhart 1986).
According to Barnhart’s report, steelhead generally live in the ocean for 1 to 4
years, where they grow at a rapid rate and their size upon reaching maturity depends
primarily on how long they have lived in the ocean. In California, the average length of
an adult steelhead, after spending two years in the ocean, is 58 cm (Barnhart 1986).
Juvenile steelhead may increase about 3cm in length each month during their journey out
at sea (Kesner and Barnhart).
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(Figure 1. Juvenile steelhead trout (left) www.mpwmd.dst.ca.us, and adult trout (right)
www.classicnatureprints.com/ pr.Baldwin%20Salm...)

Steelhead Distribution and Population
Presently Steelhead trout populations are distributed on the Kamchatka Peninsula
(in Asia), and east and south along the Pacific coast of North America to approximately
Malibu Creek in southern California. Steelhead trout average only 10 pounds in weight,
and can reach sizes up to 114 cm (Beacham et al, 2001).

Steelhead Habitat Requirements
Steelhead habitat requirements change as they go through different life phases.
It is important for juvenile steelhead habitat to contain cool water with adequate
dissolved oxygen. Other basic requirements involve structures that provide cover from
predation. Such covering may include logs or woody debris and undercut banks and
large boulders (Barnhart 1986). The dissolved oxygen, temperature, and salinity
requirements are descried below.
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Dissolved Oxygen (DO)
In a study on the “Effects of short-term oxygen depletion on fish” mortality for
rainbow trout was restricted to the amount of time exposed to low levels of DO (<2mg/L)
(Seager 2000). These results suggested that there is a narrow range of concentration
above, which mortality does not occur and below which mortality rapidly becomes high.
Mortality was significant at 1.6 mg/L for 6 hours of exposure but not at 1.5 mg/L for 1
hour of exposure. According to a survey conducted at the Carmel River Lagoon (CRL)
by Donald W. Alley (Aquatic Biologist) in 1996, morning oxygen levels below 2 mg/L
were rated as “critical” to steelhead. Morning oxygen levels between 2 and 5 mg/L were
rated as “poor”; morning oxygen levels of 5 to 7 mg/L were rated as “fair”; and morning
levels with levels greater than 7 mg/L were rated as “good”.

Temperature
Water temperature is a vital parameter in habitat condition for juvenile steelhead.
Temperature has a direct affect on the metabolic and reproductive activities of fish, and
affects functions as growth, swimming, and predation skills (Tebo 1974; Barnhart 1986).
Juvenile steelheads prefer temperature of 7.2 to 14.5 oC, and the upper lethal limit is 23.9
o

C (Bell 1973; Barnhart 1986). In a study conducted by Matthews and Berg (1994),

observing rainbow trout in two different pools for ten days, they indicated that in a pool
(4.1m deep) where the surface temp was 28.5 oC with a bottom depth of 21.5oC, that after
five days the trout either died or moved to better conditions. In a 1.5 m pool with
groundwater seepage, where the temperature at the surface was 27.5 oC and the bottom
temp was 17.5 oC, they found trout present during an entire ten-day experiment,
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indicating that trout can survive temperatures as high as 17.5 oC but not 21.5 oC. This
study also shows that trout migrate to areas with more favorable conditions (Matthews
and Berg 1994).

Salinity (parts per thousand)
Limited data were available on anadromous fish and the levels of tolerability for
salinity. However, a report conducted on the Carmel River Lagoon by Donald W. Alley
(1996), rates salinity as 10ppt or greater is considered “poor,” while salinities ranging
from 3 to 10ppt are “fair”. He states that salinity readings that were less than 3ppt were
rated “good”.

Carmel River Lagoon
The Carmel River State Beach has been owned by the California Department of
Parks and Recreation for quite some time now, and in 1974 California State Parks
purchased 155 acres south of Carmel from the Odello Family. For the next twenty-one
years the land was still used for agriculture by the Odello family in five-year lease
increments. In 1991 a proposed draft for the Carmel River Lagoon Enhancement Project
was prepared for the Carmel Steelhead Association, California State Coastal
Conservancy, Monterey County Water Resources Agency (MCWRA), and Monterey
Peninsula Water Management District (MPWMD) in support with California State Parks.
The plan was to increase the steelhead habitat, create new wetlands and riparian forest,
and improve hydrology within the Carmel River floodplain (DPR 2003). As a result of
the decrease in the Steelhead trout population, the Department of Parks and Recreation,
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along with other government agencies, have formed a restoration project for the CRL.
One goal of the CRL restoration project was to modify landforms and establish native
vegetation on 100-acres of the Odello West field within Carmel River State Beach. In
addition, excavation of the Odello Arm of the lagoon has increased habitat for the
federally listed, threatened Steelhead trout (DPR 2003).

(Figure 2, Aerial picture of the CRL before restoration to the South Arm)
www.montereybay.com/creagrus/crm.html)

The extension of the new channel, along with the existing lagoon expanded deepwater habitat for the juvenile steelhead, suitable for smolting while retaining the seasonal
wetland, marsh edge, and shallow water habitat. This is important because both adult and
juvenile steelhead travel through the Carmel River Lagoon during their seasonal
migrations. It has been suggested that the lagoon provides an important feeding area for
migrating smolts during spring, but does not provide good habitat for the young-of-theyear Steelhead trout during the summer months (PWA 1999) due to the absence of fresh
water inflow and because of the increased salinity from winter swells.
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Stakeholders
The regulatory and management stakeholders in the management of the CRL are
the California Department of Parks and Recreation (DPR), the California Department of
Fish and Game (DFG), NOAA Fisheries (previously known as the National Marine
Fisheries Service NFMS), and the U.S. Fish and Wildlife Service are state and federal
stakeholders. Locally, the Monterey Peninsula Water Management District (MPWMD),
the Carmel Area Water District (CAWD), and the Carmel Steelhead Association (CSA)
are involved with the management of the CRL.
The National Marine Fisheries Service, and U.S. Fish and Wildlife Service are
government agencies involved with the protection of the federally listed steelhead. They
also decide on what plants, freshwater resident fish, and amphibians should be considered
on the list (ESA). The U.S. Fish and Wildlife Service (FWS) is another government
agency that decides on what plants or animals should be considered on the list. They
listed the red-legged frog in 1996. The FWS involvement with the lagoon is based on the
effects of restoration project on the federally threatened red-legged frog (DPR2003).
The National Marine Fisheries Service (NMFS: NOAA Fisheries) is a
government agency with the authority to determine if marine or anadromous fish species
are threatened or endangered. On October 10,2002, U.S. Army Corps of Engineers
(CORPS) requested consultation with NOAA Fisheries pursuant to section 7 of the
Endangered Species Act of 1973 (ESA) as amended, on the effects of the proposed
Carmel River Lagoon Enhancement Project on threatened South-Central California Coast

8

(S-CCC) evolutionarily significant unit (ESU) steelhead (Oncorhynchus mykiss )
(Lieutenant McCormick, C.M. 2004). .
The California Department of Fish and Game (DFG) sets regulations for gamed
fish species fisheries throughout the coastal region of California. The DFG is concerned
with the steelhead population in the Carmel River and their policy for managing the
steelhead resource is to “maintain it as a self-sustaining resource and to restore it as much
as possible to its historic level of productivity” (MPWMD, 1994).
The California Department of Parks and Recreation (DPR) own the location of the
Carmel River Lagoon enhancement project in Carmel River State Beach. The DPR is
accountable for the planning, implementation, mitigation and monitoring of this project,
and will provide long-term management to the project site (DPR, 2003).
The local agencies are the Monterey Peninsula Water Management District
(MPWMD), whose mission is to manage, augment, and protect water resources for the
benefit of the community and the environment. MPWMD also cooperates with other
local agencies to increase surface water inflow, and monitor water quality and steelhead
resources. Other agencies are the Carmel Area Water District (CAWD), which provides
reclaimed water to the lagoon when needed and the Carmel River Steelhead Association
(CRSA), which releases rescued juvenile steelhead in the lagoon.
The Monterey Peninsula Water Management District has collected surface water
quality data at the Carmel River Lagoon since 1991. The lagoon’s water quality is
determined by freshwater inflow from the Carmel River, change in tidal levels, and the
ocean’s wave activity that may occur by waves crashing over the top of the sandbar. The
lagoon is tested for the following chemical and physical parameters: temperature,
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dissolved oxygen, carbon dioxide, pH, specific conductance, salinity, and turbidity.
These parameters are important for determining the suitability of habitat for rearing
juvenile steelhead (Carmel River Watershed Assessment 2004). The district is heavily
involved with the protection of the threatened steelhead trout and red-legged frog in our
Carmel River, including the lagoon.
Research Question and Hypotheses.
The overarching goal of my capstone project was to identify which parts of the
lagoon provided suitable habitat for steelhead, particularly during the summer months
where there is minimal fresh water inflow and to compare habitat before and after
breaching of the sand bar. The specific research questions were:
1. At what times of year, what locations, and what depths does dissolved oxygen limit
the availability of suitable juvenile steelhead habitat?
2. At what times of the dry season, at what locations, and at what depths does
temperature limit the availability of suitable juvenile steelhead habitat?
3. At what times during data collection, at what locations, and at what depths does
salinity limit the availability of suitable steelhead habitat?

The general approach was to monitor the water quality (dissolved oxygen,
temperature, and salinity) of the Carmel River Lagoon once a week from July 2005 to
winter breaching in January 2006. For question #1, I believe that dissolved oxygen will
limit steelhead habitat in areas with considerable amounts of depth were dissolved
oxygen is depleted leaving anoxic layering. Stations S2 and S4 in the South Arm are
good locations with depths exceeding 2 meters, also during winter the months when
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ocean waves contribute in overtopping introducing decomposing organic matter into the
lagoon may contribute anoxic layering.
In regards to question #2, temperature may affect water quality for steelhead at
the surface water columns during the hotter months of data collection (July-September)
and areas with depths of 1 meter or less may limit suitable steelhead habitat in regards to
temperature. The northern sections of the lagoon at stations N1, N2, and R2 are areas
with minimal amounts of depth and are located nearest to the ocean water line.
For salinity in the lagoon during data collections I believe the salinity
concentrations will be limiting to steelhead habitat in areas with depth over 2 meters
perhaps in the southern sections of the lagoon. Salinity should increase at the surface in
the winter months (October-January) of data collection due to heavy swell action and
overtopping. If salinity increases at the surface during the winter months, then salinity
should continue to increase with depth.

Methods

Overview and Site Description
Water quality in the Carmel Lagoon was sampled once a week (Sat/Sun), starting on July
1st of 2005 through January 4th 2006 post breach. Water was tested from a 13 ft Ocean
Kayak (Prowler) equipped with a handheld GPS unit (Garmin eTrex Summit) to navigate
and anchor at 11 sites throughout the lagoon. I monitored sites that were previously
established by Central Coast Watershed Studies (CCoWS) with the addition of two sites I
designated. Site locations are shown in Figure 3; detailed information about each site is
provided in Table 1.
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The sandbar that impounds the lagoon normally breaches in early winter when
heavy rains and high river flows either break through the sand bar, or when the river level
rises sufficiently for the county to mechanically breach the channel to avoid upstream
flooding and residential property damage. However, during my sampling period, the
lagoon was breached twice- once on July 9th 2005, due to the slow amount of freshwater
inflow in the late summer months. The sandbar subsequently rebuilt itself through
normal summer beach replenishment, and the channel mouth closed on July 12th 2005.
The normal winter breaching occurred on January 3rd 2006, after heavy winter rains.
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Site Description
Table 1. Site Descriptions of Carmel River Lagoon
Latitude

Longitude

Site Code

Site Description
Western branch of the northern tip of the

36.53878

121.9274

N1

36.53863

121.9271

N2

lagoon.
Eastern branch of the north northern tip of
the lagoon.
Northern corner of the main lagoon next to

36.53784

121.9279

R1N

the sandbar close to the beach.

36.5376

121.9274

R2

Northern section of the main channel
approximately just southeast of site R1N.
Central branch of the lagoon just north of
site S2. Northern tip of the rock formation

36.53620

121.92600

SH1

on the west side of the lagoon.
Middle of the sewage pipe that crosses the

36.53523

121.9252

south arm of the lagoon.

S2

Shallow water of the south arm next to the
earth barrier and confluence with frog pond
36.53499

121.9242

S4

(lagoon side of barrier).
1-2m from the bank of the earth barrier
separating the excavated portion from the

36.53471

121.9235

O0

lagoon

36.53305

121.9219

O1

Main excavated channel.
Northern branch of the newly excavated

36.53222

121.9208

O2

36.53331

121.92033

O4

channel (Odello 2).
North Eastern section of the lagoon next to
the Odello O1-O3 channel.
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Site Map

Figure 3. Site Map of Carmel River Lagoon
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Sampling Methods
Immediately prior to each sampling trip, I calibrated aYSI-85 probe to obtain
accurate measurements. I typically started sampling between 8 and 9 am, at the north
section of the lagoon (site N1). Sampling then continued south through the main channel
and ending up in the south section of the lagoon (site O4). After identifying each site
using the GPS, I anchored, and lowered the YSI probe to the appropriate depth. I
recorded temperature (oC), dissolved oxygen (mg/L), salinity (ppt), and conductivity (ms
or µs) at depths ranging from approximately 13cm below surface to the bottom, at
increments of 0.25 m. The bottom depth was rounded to the nearest 0.1 m. After
reaching the bottom, I then repeated the measurements starting at the surface to obtain
duplicate measurements. Because it typically took about 20 to 30 minutes to sample
from the surface to the bottom in most sites less than 1.5m in depth and took up to an
hour for those sites at greater than or equal to 2.5m deep, the duplicate measurements
were taken at slightly different times. In addition to the quantitative measurements of
water quality, I also recorded qualitative site parameters, such as time, weather, sun, and
any unusual observations. Photographs were also taken on several dates. In addition,
there is a depth gauge at site S2, and I recorded the water surface elevation each date I
passed that site. All data were recorded in a field notebook, and later entered into
Microsoft Excel.

15

GIS Methods
Using ArcGIS I was able to create a Digital Elevation Model (DEM) to display
my XYZ data to represent a visual of throughout the lagoon by selecting a certain
parameter in relation to a certain depth. The first step was to incorporate a aerial photo of
the lagoon into ArcMAP and geo-reference the picture by using latitude and longitude
coordinates. Once data was transformed to proper formatting I use spatial analyst options
to create a representation of the lagoons water quality at depths throughout all water
columns. Creating an event theme with the data collection, based on certain parameters
at a given depth, I then exported the theme as a shapefile. The next step was to
interpolate a grid from my shapefile, from the spatial analyst menu I selected to
interpolate to a raster by using the inverse distance weighted option. Creating a boarder
around the lagoon by using the analysis mask options after I created a polygon theme in
ArcCatalog, I then added it to ArcMAP and incorporated with the XYZ data collection.
In ArcMAP I drew a polygon around the perimeter of the lagoon, surrounding the
existing XYZ data points and then interpolated the cell values within the xyz data points
(Site Locations). The end result should present a color chart of a certain parameter
indicating variation throughout the lagoon within the site locations.
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Results & Discussion
When referring to different habitat conditions for each parameter throughout the
lagoon, the “North Arm” contains sites N1, N2, RN1 and R2. Sites SH1, S2, and S4 are
referred as the “South Arm”. The “Odello Arm” contains sites O0, O1, O2, and O4.
Representative dates as well as represented sites were selected for graphical
representations throughout the lagoon. Excel spreadsheets were presented on a monthly
basis to indicate trends in the lagoon throughout the time when data was collected. Site
N2 represents the “North Arm,” site S2 corresponds to the” South Arm,” and sites O1
and O4 represents the “Odello Arm”. The North Arm of the lagoon was the shallowest,
with all sites under 1m in depth from July through October, and only reaching about 1.5m
in depth after the winter rains in the begging in November. The South Arm, which was
the southernmost part of the lagoon prior to the restoration and construction of the Odello
Arm, was about 1.5m at its north and south ends (Stations SH1 and S4), and include the
deepest sampling stations at S2, which ranged from 4 to 4m, depending on the season and
tides. The recently excavated Odello Arm, at the southernmost end of the lagoon,
included station O2 that was dry in the summer, but most of the Odello stations had 1.25
to 2.5m of water, depending on tides and season. Representative dates as well as
represented sites were selected for graphical representations throughout the lagoon. Excel
spreadsheets were presented on a monthly basis to indicate trends in the lagoon
throughout the time when data was collected. Site N2 represents the “North Arm,” site S2
corresponds to the” South Arm,” and sites O1 and O4 represents the “Odello Arm”.

Salinity
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As noted in the introduction, salinity readings below 3ppt are indicative of ‘good’
habitat for juvenile steelhead; salinities between 3 and 10 ppt are considered ‘fair’, and
salinities greater than 10 ppt are considered ‘poor’ (Alley, 1996). For the month of July
the upper water column ranging from the surface to 1 meter in depth contained salinity
readings of less than 1ppt in the North Arm. The south arms surface readings were at
1ppt with a slight increase in surface salinity at 1.5 in the Odello Arm indicating “good”
habitat (figure 4a). In the deeper regions of the South Arm salinity increased with depth
to a maximum of 29.6 ppt at a maximum depth of 4 meters with a strong gradient
between 1-1.75 meters, suggesting that steelhead may be stressed throughout these water
depths.
Data collected for August consisted of only two dates (Aug 21 and 27). Water
surface elevation (WSE) was 3.34 feet, and salinity had increased at the surface to less
than or equal to 2.0 ppt, indicating “good” habitat conditions on the surface to 1 meter in
depth throughout the North and South Arms. There was a decrease in salinity at the
surface water column in the Odello Arm to 0.7 ppt where it then stayed constant
throughout the water column at a depth of 1.15 meters (figure 4b). In the deeper water
columns of the South Arm salinity increased to a maximum of 26.9 ppt at three meters of
depth with the same gradient of rapid salinity change between 1-1.5 meters indicating
stressful conditions for juvenile steelhead.
Salinity for the month of September was rated as “good” throughout the surface
of the lagoon with salinity readings of less than 2 ppt at depths from 0-1.5 meters. The
South Arm, with WSE at 5.18 (September 17), showed a salinity gradient occurring at a
depth starting at 2.25-2.75 meters, which was much lower in depth from previous
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months. The Odello Arm consisted of the ‘best’ salinity for steelhead habitat at the
surface, at .5 ppt and remained constant at all depths (figure 4c).
Salinity concentrations for the month of October were noticeably high,
suggesting unsuitable conditions for steelhead habitat. Salinity readings at the surface of
the lagoon ranged from 4.5-6.4 ppt throughout the month of October. As seen in figure
4d, the lagoon’s salinity on October 15th 2005 ranged at the surface from ~ 4.5-5.8 ppt
and ~ 13.25-18.9 in the lower water column with a rapid increase in salinity at .5-1.75
meters. This level of salinity throughout all water columns is considered stressful
conditions for steelhead, possibly limiting steelhead to the upper water column.
In early November, salinity readings were consistent with those in October, with
surface salinity well above 3ppt at the surface. As represented in the graph below (Nov
19), the surface water was still layered by a strong gradient from 1-1.5 meters where
surface salinity measurements ranged from ~ 3-4 ppt and the lower water column
measurements ranged from 16 to 21 ppt (figure 4e). However, there were lower salinity
levels in the vicinity of stations O4 and O1 suggesting that there was freshwater input by
CAWD during November 9 to 18.
The lagoon had a noticeable increase in water surface elevation as the lagoon
started to fill up with freshwater provided by the first rains of December. The surface
water level improved with surface readings of 2.5 ppt down to depths of 1.25 meters. The
upper water column was still separated by a rapid increase in salinity at 1.25-2 meters
with salinity ranging from 20-22 ppt in the South Arm, where the bottom depth is 3.75
meters (figure 4f). Due to heavy swells, overtopping occurred in the late December, thus
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increasing surface salinity level to 5ppt, which may in turn have resulted in stressful
conditions for steelhead trout.
January 4, 2006 marks the last day of recorded data, where water surface
elevation decreased to 4.72 feet at 11:55 in the afternoon, from 7.76 feet at 10:26 am on
December 29, 2005, coinciding with and following the initial sandbar management
activities, which began on December 28, 2005. The salinity surface water was low,
ranging below 3 ppt in most of the lagoon. The strong salinity gradient was found
between depths of 1.25-1.75 meters, with salinity ranging from 12-19 ppt in the lower
water columns within the lagoon (Figure 4g). Although the lagoon has been open since
December 31, 2005, salinity was reduced considerably in the South Arm of the lagoon.
However, salinity was still high in the North and Odello Arms of the lagoon, suggesting a
lack of mixing throughout the entire lagoon.
October 15th, 2005 was selected for the GIS GPS imagery due to the high salinity
levels throughout the lagoon to represent the salinity at ~ 13cm below the surface (Figure
4h). Because the surface salinity concentration didn’t show much variation throughout
the lagoon, figure 4h indicates how salinity concentrations were > 5.2 ppt in the northern
sections of the lagoon and slowly decreased on the surface towards the southern sections
of the lagoon. Results may suggest the steelhead would disperse to the areas with lower
salinity in the southern sections of the lagoon. However, the extreme tips of the lagoon
were not incorporated in the image due to the raster file only interpolating data within the
site stations, but I believe it provides a good enough percentage of the lagoon’s water
quality. If additional sites in these areas had been added to the data collection, one
hundred percent interpolation could have occurred.
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When interpolating the salinity concentration at a depth of 1 meter, figure 4i
indicates that the lighter colors in the northern section (Stations N1, N2, R1N, and R2)
and a small section at Station O2 do not contain water depths > 1meter. The remaining
colors indicate the salinity levels ranging from 5.0 to 12.6 ppt at 1 meter of depths.
Steelhead habitat may be stressed at a depth of 1 meter were salinity is > 10 ppt for long
periods of time and may resort to the upper water columns.
Figure 4j interpolates salinity at a depth of 2.5 meters throughout the lagoon. The
only station with that amount of water is Site S2, where salinity levels ranged from 3.618.2 ppt. The lighter tan color in the majority of the lagoon specifies that the bottom
depth is < 2.5 meters. Due to the small amount of area with depths of 2.5 meters or
greater, steelhead would probably not be found at this depth because of the high salinity
levels and will instead distribute to the upper water columns.
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Lagoon Salinity
July 16th 2005
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Figure 4a, Lagoon Salinity for July 16, 2005

Lagoon Salinity
August 21, 2005
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Figure 4b, Lagoon Salinity for August 21, 2005
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Lagoon Salinity
September 17, 2005
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Figure 4c, Lagoon Salinity for September 17, 2005

Lagoon Salinity
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Figure 4d, Lagoon Salinity for October 15, 2005

23

Lagoon Salinity
November 19, 2005
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Figure 4e, Lagoon Salinity for November 19, 2005

Lagoon Salinity
December 10, 2005
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Figure 4f, Lagoon Salinity for December 10, 2005
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Lagoon Salinity
January 4, 2006
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Figure 4g, Lagoon Salinity for January 4th 2006
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Figure 4h, Salinity at the surface for October 15, 2005
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Figure 4i, Salinity at 1meter from October 15 2005
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Figure 4j, Salinity concentration at 2.50 m from October 15, 2005
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Dissolved Oxygen
Dissolved oxygen concentrations above 7 (mg/L) are considered to be ‘good’ for
juvenile steelhead; DO between 2 and 7 mg/L provides ‘fair’ habitat, and DO below 2
mg/L are considered to be ‘poor’ habitat for steelhead, based on studies with adult O.
mykiss (Alley, 1996). For the months of July and August dissolved oxygen (DO) showed
good levels at the surface water column throughout the lagoon with oxygen levels ranged
from 7-12mg/L. July showed decreased levels of dissolved oxygen at 2.75 meters at
under 2mg/L in areas with considerable amounts of depth (South Arm), but showed and
increase in DO with depth in the Odello Arms. The increase DO may be due to amount
of vegetation in the substrate of the Odello Arm (figure 5a). For August, surface readings
of DO were suitable for steelhead with the exception of the depth in the South Arm at 2
meters where DO was under 2mg/L (figure 5b).
Throughout the month of September, DO levels were suitable for steelhead trout
with surface readings, which ranged from 5 to 16 mg/L. The North Arm contained the
lowest DO in comparison to the rest of the lagoon, this maybe due to the lack of
vegetation found at these stations. In the South Arm, DO reached unsuitable conditions
at over 2 meters in depth where DO started to decline at a rapid rate < 2mg/L (figure 5c).
The Odello Arm remained the most suitable habitat for steelhead throughout the water
column, measuring at 14-16 mg/L at the surface and remaining just under 5 mg/L, which
is considered ‘fair’ for suitable steelhead habitat (figure 5c).
In early October, surface readings for DO were above 7 mg/L throughout the
lagoon, with stressful levels of DO at station S2, which was below 2 mg/L at 2.5 meters.
In mid October, DO surface readings ranged from 11 to 18 mg/L in the North Arm. The
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South Arm contained surface DO readings from 10.7 to 12.8 mg/L with levels of DO <2
mg/L, suggesting unsuitable habitat for steelhead at depths of 2.5 meters (Figure 5d). The
Odello Arm showed a slight increase in surface DO ranging from 13.6 to 16.7 mg/L at
the surface suggesting ‘good’ habitat for steelhead, with a strong gradient at .75 meters.
However, the lower levels of DO never exceeded below 2 mg/L suggesting that in the
Odello Arm, suitable steelhead habitat may be found throughout the water columns
(Figure 5d).
In the Month of November, dissolved oxygen levels were stressful at depths
below 2.0 meters (Site S2) with a strong gradient starting at depths of 1.25m. The more
shallow stations in the North Arm represented the lowest quality of dissolved oxygen
were DO at the surface had a minimum of 6mg/L (Site N2). Stations O1 and O4 in the
Odello Arm revealed the highest quality habitats where DO ranged from 8.5 to 15.5 mg/L
at 1 meter in depth (Figure 5e). In the upper water columns of the lagoon dissolved
oxygen ranged from 6-11mg/L throughout the surface, indicating ‘fair’ to ‘good’ habitat
conditions for steelhead.
During December, most of the stations in the upper water column showed a slight
increase in dissolved oxygen from mid-November, with noticeable differences among
sites throughout the lagoon. In the North Arm, stressful levels of DO were present at
depths of 1 meter (Site N2). Other stations showed wide variation in concentrations of
DO depending on depth. Dissolved oxygen levels in the lower water column were lowest
among stations O1 and O4 in the Odello Arm, as well as in station S2 at depths just
below 1 meter where they were less than or equal to 5mg/L (Figure 5f). Steelhead are
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more than likely going to avoid these areas of depth due to the low DO and high salinity
levels and select habitat by distributing themselves throughout the upper water columns.
On January 4th 2006, dissolved oxygen levels on the surface ranged from 6.3 to
9.1 mg/L throughout the lagoon, suggesting ‘fair’ habitat for steelhead, with lower DO in
the Odello Arm, which may suggest lack of mixing and flushing at stations O1-O4.
Dissolved oxygen still remained at stressful levels at depths below 1 meter in the Odello
Arm (Figure 5g). Based on the low Do levels at depths below 1meter, steelhead maybe
limited to the upper water zones in the lagoon.
September 17, 2005 was used to represent a visual representation of these trends
through a GIS GPS image of the lagoon’s dissolved oxygen at a ~depth of 13 cm (Figure
5h). The images provides a clear representation of DO > 5 mg/L throughout the lagoon,
and considers ‘fair’ (2-7 mg/L) surface readings in the northern sections of the lagoon.
The sections of the lagoon where DO is >7 mg/L suggest that steelhead would favor the
surface water quality and would be considered ‘good’ habitat conditions. It is possible
that the Odello Arm contains good DO due to the amount of vegetation in this area.
When interpolating the dissolved oxygen at a depth of 1 meter, figure 5i suggests
that DO is vital between Stations R2 and SH1 where DO ranges from 2.1 to 3.7 mg/L.
Between sites SH1 and S2, including site O4, recommends that DO is tolerable with
concentrations ranging from 3.7 to 7.8 mg/L, the rest of the lagoon DO was >7.8mg/L,
which propose ‘good’ habitat conditions for steelhead.
Figure 5j indicates ‘poor’ habitat conditions for steelhead at depths below 2.75
meters, due to the low amount of dissolved oxygen at this depth. Station S2 is the only
site containing depths of 2.75 meters or greater. This image indicates the strong anoxic
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layering with dissolved oxygen levels < 2mg/L at this depth, where steelhead are more
than likely not found.

Lagoon Dissolved Oxygen
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Figure 5a, Lagoon Dissolved oxygen for July 16, 2005
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Lagoon Dissolved Oxygen
August 21, 2005
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Figure 5b, Lagoon Dissolved oxygen for August 21, 2005

Lagoon Dissolved Oxygen
September 17, 2005
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Figure 5c, Lagoon Dissolved oxygen for September 17, 2005
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Lagoon Dissolved Oxygen
October 15, 2005
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Figure 5d, Lagoon Dissolved oxygen for October 15, 2005

Lagoon Dissolved Oxygen
November 19, 2005
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Figure 5e, Lagoon Dissolved oxygen from November 19, 2005
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Lagoon Dissolved Oxygen
December 10, 2005
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Figure 5f, Lagoon Dissolved oxygen for December 10, 2005

Lagoon Dissolved Oxygen
January 4, 2006
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Figure 5g, Lagoon Dissolved oxygen from January 4, 2006
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Figure 5h, Dissolved oxygen at Surface from September 17,2005
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Figure 5i, Dissolved oxygen at 1 meter from September 17,2005
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Figure 5j, Dissolved oxygen at 2.75m from September 17, 2005
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Temperature
As noted in the introduction, studies indicate that juvenile steelhead prefer
temperatures of 7.2 to 14.5 oC, with the upper lethal limit being 23.9 oC (Bell 1973;
Barnhart 1986). For July and August, water temperatures ranged from 18.7 to 20.4 oC
suggesting poor temperature throughout the lagoon at all water columns, with an increase
in temperature between .5 and 1 meter in depth for July and just below 1 meter in August
(Figure 6a and 6b).
September had similar results as the previous months with surface temperatures
ranging from 17.9 to 20.1 o C, throughout the lagoon with warmer surface temperatures in
the Odello Arm (Figure 6c). However, temperature seemed to remain constant up to
depths below 2 meters in the South Arm, and increased a few degrees in the more
shallow regions (Figure 6c).
October 15th showed a decrease in surface water temperature which ranged from
15 o C in the northern stations and 18 o C in the Odello Arm (Figure 6d), with a rapid
increase in temperature at 0.5-1 meters in depth, consistent with the strong salinity
gradient (Figure 6d; Figure 4d). These readings imply that water temperatures are
tolerable at the surface, stressful between depths of 0.5 to 1 meters in depth.
Temperatures started to decrease at depths greater than 1m, but if DO levels are < 2mg/L
steelheads may avoid these areas with depth.
Temperature continued to decrease at the surface for the month of November.
On November 19th surface temperatures ranged from 11.4-14.5 o C with warmer
temperatures at the surface in the Odello Arm, and continued to show an increase in
temperature that is consistent with the salt wedge at depths of 0.75-1.5 meters (Figure
6e).
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Temperature readings for the month of December indicated suitable levels for
preferred steelhead habitat. On December 10th 2005 water temperature was well under
15 o C at the surface ranging from 9-12.3 o C, with a warmer layer of temperature
consistent with halocline and with deeper stations (Figure 6f). This is probably due to
slow integration between surface and deeper water. Steelhead trout are likely to be
distributed in the upper water column where temperatures are < 15 o C, and less likely to
be found in areas with depth where DO and salinity are non-suitable.
On January 4th 2006, the last day of collecting data, good habitat conditions were
seen throughout the lagoon and its water column. Temperature ranged from 12.3-14.9 o C
at the surface and showed consistency throughout the water column (Figure 6g). This
data suggests that with regards to habitat preferences, steelhead would most likely be
distributed throughout the water columns at this time, with the exception of depth based
on dissolved oxygen and salinity levels (Figure 4g; Figure 5g).
The GIS GPS representation for temperatures at the surface on September 17,
2005 revealed high temperatures at ~ 13cm deep, which ranged from 17.8 to 21.5 o C
throughout the lagoon. In the northern sections of the lagoon, temperatures were the
lowest 17.8 - 19.1 o C. The southern portions of the lagoon showed temperatures > 19.8
o

C (Figure 5h). Lower temperatures in the northern sections of the lagoon may result the

neighboring salt-water seepage. Figure 5i presents the water temperature (o C) at a depth
of 1meter with a temperature range of 19.1-21.5 o C. In the northern sections and in the
vicinity of Station O2 the water level was < 1meter in depth, in the remaining areas temp
ranged from 19.5- 21 o C. The overall warm water conditions throughout the lagoon may
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result in the amount of water present in the lagoon and is considered to be stressful for
steelhead.

Lagoon Temperature
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Figure 6a, Lagoon Temperature for July 16, 2005
Lagoon Temperature
August 21, 2005
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Figure 6b, Lagoon Temperature for August 21, 2005
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LagoonTemperature
September 17, 2005
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Figure 6c, Lagoon Temperature for September 17, 2005
Lagoon Temperature
October 15, 2005
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Figure 6d, Lagoon Temperature for October 15, 2005
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Lagoon Temperature
November 19, 2005
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Figure 6e, Lagoon Temperature for November 19, 2005
Lagoon Temperature
December 10, 2005
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Figure 6f, Lagoon Temperature for December 10, 2005
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Lagoon Temperature
January 4, 2006
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Figure 6g, Lagoon Temperature for January 4, 2006
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Figure 6h, Temperature at the Surface from September 17, 2005
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Figure 6i, Temperature at 1 meter from September 17, 2005
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Overall Habitat Suitability and Conclusions

The overall water conditions varied throughout the Carmel River Lagoon from
July 2005 to January 2006. Salinity levels in the upper 1m water columns continued to
steadily increase from July through October, and began to decrease from November
though January, when CAWD began freshwater inputs prior to the start of winter rains.
The upper water column provided good salinity levels (<3 ppt) for most months with the
exception of October, when salinity in the upper water column (4 to 6 ppt) was
considered only ‘fair’ for steelhead habitat. The stations in the Odello Arm provided the
lowest surface salinity throughout the entire sampling season (July to January) compared
to the remaining areas that are adjacent to the ocean. A strong halocline existed at depths
of 1-1.75m on all sampling dates, where salt concentration would rapidly increase with
depths from < 3ppt to well over the levels considered stressful of ‘poor’ for steelhead
(>10 ppt). With respect to my original research question, salinity limits steelhead habitat
at depths below 1 to 1.5m at all sites greater than 1m deep during summer, fall, and early
winter months. Salinity in the upper 0.5 to 1m always provided ‘good’ habitat except in
mid October, when the surface salinity was only ‘fair’.
Dissolved oxygen in the top 1m of the lagoon always provided ‘good’ steelhead
habitat (DO>6 mg/L), with the exception of the shallowest sites in the North Arm in
September and October, and the Odello Arm after winter breaching in January. Surface
DO was typically highest in the Odello Arm, though that may be a result of sampling the
Odello Arm at about noon, and the other sites in the morning. During the late summer,
morning and mid-day, dissolved oxygen was greater at depths of about 1m that at the
surface, with subsurface supersaturation possibly due to active photosynthesis by aquatic
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vegetation and loss of DO from the surface layer to the atmosphere. In deep water, an
anoxic layer (DO<2 mg/L) was typically present in the bottom 0.25 to 0.5m of water,
indicating poor steelhead habitat. For the South Arm, a steep anoxic gradient was present
between 2 and 2.5m, with the anoxic zone extending from 2.5 to 3m in depth. In the
Odello Arm, the steep DO gradient was usually at depths of 1 to 1.5m, though even the
lowest DO concentrations in deep water of the Odello Arm were typically in the ‘fair’
range of 2 to 6 mg/L.
Based on published studies of O. mykiss survival, metabolism, and behavior,
temperatures between 7.2 and 14.5 oC are considered critical and mortality typically
reported for prolonged exposure to temperatures above 23.9 oC (Barnhart, 1986). Other
studies have reported ‘preferred’ habitat temperatures of 8.3 to 13.4 oC (Barwick et al.,
2004). Summer and early fall temperatures at the surface were generally in the ‘fair’
range of 14.5 to 20 oC. The cooler surface temperatures usually found in the shallow
North Arm that in the deeper South and Odello Arms are a result of sampling the North
Arm early in the morning, and the Odello Arm at mid-day.
Because temperatures in this study were measured between 9 am and
approximately 1pm, before the surface had warmed up after overnight cooling,
temperatures were generally cooler during late summer and early fall at the surface, and
greatest at depths of 1 to 1.5m. Critically high (>23.9 oC) morning/midday temperatures
were found at depths of 1 to 1.5m throughout July and August (see appendix for complete
data), indicating that the upper 1m of the lagoon provides the best temperatures, at least
in the morning and early afternoon. Summer surface temperatures may be critically hot
later in the day, although 24-hour sampling of selected sites would be needed to verify
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this hypothesis. In late fall and early winter, surface temperatures gradually dropped to
the ideal range (7.2 to 14.5 oC), although water temperatures remained slightly above 14.5
o

C at depths greater than 1.25m until the sandbar was breached in January and the lagoon

opened to the ocean.
To assess overall habitat suitability, salinity, dissolved oxygen, and temperature
must be considered concurrently. In this study, the best steelhead habitat throughout the
lagoon was found in the surface 1m of the lagoon, where salinity and temperature were
the lowest, and dissolved oxygen was always sufficient, at least in the morning and early
afternoon sampling considered in the study. In contrast, other studies have shown that
surface water provides good DO but poor temperatures, whereas deeper water provides
cooler temperatures but poor DO (Barrow and Peters 2001, Barwick et al., 2004).
However, those studies involved much larger and deeper bodies of water, and may have
involved sampling at a different time of day than in this study. In the Carmel River
Lagoon, morning summer temperatures do not limit steelhead habitat, although late
afternoon surface temperatures may be the most limiting factor for steelhead growth and
survival in the summer months. Because this study included only one late-afternoon
sampling (not shown) to support this hypothesis, further research is needed.
The noticeable trend between all of the parameters showed an improvement in
overall water quality and thus habitat suitability for steelhead as the winter season
approached and freshwater influx increased, in November 2005. Surface salinities were
highest in October, at the end of the dry season, and before CAWD began additional
freshwater inputs into the lagoon as well as the started of winter rains. Although surface
salinities were ‘fair’ rather than ‘good’ in the fall and winter, other studies have shown
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that juvenile anadromous fish can adapt to higher salinity when the change is gradual
(Shepherd et al. 2004).
The recently excavated Odello Arm of the lagoon nearly doubles the amount of
suitable steelhead habitat during summer months, as well as in October when the areas
closer to the ocean had noticeable increases in salinity. This study shows that the surface
1m of water in both the Odello and South Arms provided the best steelhead habitat with
respect to salinity, dissolved oxygen, and temperature. This likely corresponds to the
greatest food availability (Barrow and Peters, 2001). It is not clear whether the ideal
water quality in the upper 1m of water makes the steelhead more susceptible to predation
by birds, although aquatic vegetation in many areas of the lagoon likely provides some
protection
These trends provide useful information regarding suitable steelhead habitat and
further will aid in establishing management strategies that will enable the protection of
this species. The studied parameters are some of many potential factors that contribute to
ideal steelhead habitat. Further studies on steelhead habitat, including diurnal fluctuations
in DO and temperature, and studies of the effect of cosmetics to the lagoon such as
structures for protection from predation and the effects of winter sandbar breaching may
greatly enhance out understanding of suitable habitat for juvenile steelhead.
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